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ABSTRACT 


This  report  documents  findings  on  the  non-operating 
reliability  of  gyroscopes.  Long  term  non-operating  data 
has  been  analyzed  and  reliability  predictions  have  been 
developed  for  gyroscopes. 

This  report  is  a result  of  a program  whose  objective  is 
the  development  of  non-operating  (storage)  reliability  pre- 
diction and  assurance  techniques  for  missile  materiel.  The 
analysis  results  will  be  used  by  U.  S.  Aarmy  personnel  and 
contractors  in  evaluating  current  missile  programs  and  in 
the  design  of  future  missile  systems. 

The  storage  reliability  research  program  consists  of  a 
country  wide  data  survey  and  collection  effort,  accelerated 
testing,  special  test  programs  and  development  of  a non- 
operating reliability  data  bank  at  the  U.  S.  Army  Missile 
R&D  Command,  Redstone  Arsenal,  Alabama,  The  Army  plans  a 
continuing  effort  to  maintain  the  data  bank  and  analysis 
reports . 

This  report  is  one  of  several  issued  on  electromechanical 
devices  and  other  missile  materiel.  For  more  information, 
contact : 

Commander 

U.  S.  Army  Missile  R&D  Command 
ATTN:  DRDMI-QS,  Mr.  C.  R.  Provence 

Building  4500 

Redstone  Arsenal,  AL  35809 
Autovon  746-3235 
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SECTION  1 


INTRODUCTION 


Materiel  in  the  Army  inventory  must  be  designed,  manu- 
factured and  packaged  to  withstand  long  periods  of  storage 
and  "launch  ready"  non-activated  or  dormant  time.  In  addi- 
tion to  the  stress  of  temperature  soaks  and  aging,  they  must 
often  endure  the  abuse  of  frequent  transportation  and  handling 
and  the  climatic  extremes  of  the  forward  area  battle  field 
environment.  These  requirements  generate  the  need  for  special 
design,  manufacturing  and  packaging  product  assurance  data 
and  procedures.  The  U.  S.  Army  Missile  Research  & Development 
Command  has  initiated  a research  program  to  provide  the  needed 
data  and  procedures. 

This  report  updates  report  LC-76~EM1,  dated  May  1976,  and 
covers  findings  from  the  research  program  on  gyroscopes.  The 
program  approach  on  these  devices  has  included  literature  and 
user  surveys,  data  bank  analyses,  data  collection  from  various 
military  systems  and  special  testing  programs. 
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SECTION  2 


SUMMAKY 

The  expected  intrinsic  storage  failure  rate  for  rate 
gyroscopes  is  133  fits  (failures  per  billion  hours)  and  a 
90%  confidence  that  the  true  failure  rate  lies  below  175  fits. 

The  following  factors  are  suggested  as  being  consistent  with 
the  data  available: 

° For  free  gyros,  multiply  by  a factor  of  2. 

■’  For  replacement  rate,  multiply  by  a factor  of  3. 

This  study  is  based  upon  the  835  million  part-hours 
collected  to  date  containing  209  failures.  The  data  includes 
eight  missile  programs,  three  space  applications  and  one  report 
for  which  the  application  was  not  identified.  Nearly  all  of 
the  data  is  for  rate  gyros.  For  gyroscopes  showing  failures, 
a range  of  failure  rates  from  121  to  524  fit  was  observed. 

A comparison  with  operating  data  indicates  that  the  oper- 
ating failure  rate  in  a ground  environment  is  about  196  times 
the  storage  failure  rate,  and  the  operating  failure  rate  in 
the  missile  launch  environment  is  about  4000  times  the  storage 
failure  rate. 

It  is  concluded  from  the  data  analysis  that  the  non- 
operating reliability  of  gyroscopes  has  improved  in  the  last 
ten  years;  that  substantially  more  reliable  gyros  are  within 
the  state  of  the  art  but  only  at  great  expense;  that  novel 
techniques  in  development  look  promising  from  a reliability 
standpoint;  and  that  a number  of  things  can  be  done  to  improve 
storage  reliability.  A noteworthy  feature  of  the  data  is 
that  replacements  due  to  testing,  handling,  and  misidentif ication 
of  system  problems  are  more  common  than  true  storage  failures. 
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SECTION  3 


ELEMENTARY  I’RTNCIPLES  OF  GYRO  DESIGN  AND  CONSTRUCTION 

3.1  PhysiCiil  Principlort 

A qyroscopc*  is  ur.ed  to  dotect  angular  motion  with  respect  to 
inertial  (Newtonian)  space.  The  usual  construction  is  a spi.nnir.g 
wheel,  tlie  angular  momentum  of  which  remains  fi.\ed  in  space  if  no 
e.xternal  torques  are  applied.  If  such  a wheel  is  forced  to  move 
about  one  axis,  it  will  process  about  another,  and  the  precession 
motion,  wliich  can  be  conveniently  measured,  is  proportional  to  the; 
forced  rotation.  The  usual  construction  uses  single  axis  bearings 
for  both  the  splning  wheel  and  the  precession  axes. 

Some  other  principles  are  known,  and  have  been  demonstrated. 
These  will  appear  in  production  versions  in  the  next  few  years  and 
are  discussed  in  Section  3.4. 

3.2  Classif ication  of  Gyroscopes 

A primary  distinction  among  gyros  is  between  single  degree  of 
freedom  and  two  degree  of  freedom  gyros.  Single  degree  of  freedom 
gyros  have  only  one  gimbal  axis,  which  means  only  one  set  of  gimbal 
bearings,  only  one  torquer  and  only  one  pickoff.  Rate  gyros  and  in- 
tegrating rate  gyros  are  single  degree  of  freedom  designs.  In  order 
to  create  a stable  platform,  three  single  degree  of  freedom  units  are 

used,  and  a set  of  throe  or  four  platform  gimbals,  each  with  a pick- 
off and  servo  drivt',  is  used  to  align  the  platform  as  a whole.  Thus, 

the  reliability  of  the  gyros  is  only  part  of  the  consideration  of  the 

reliability  of  a platform. 

A two  degree  of  freedom  gyro  (also  called  a free  gyro)  incor- 
porates two  gimbals,  each  with  a pickoff  and  torquer,  into  the  gyro 
itself.  These  gyros  are  often  used  in  systems  which  provide  a small 
tlignment  torque.  The  idea  is  that  the  gyro  does  not  respond  to  dis- 
turbances, but  tliat  it  does  respond  to  the  time-weighted  average 
alignment  torque.  The  process  is  called  erection.  Erection  time 
constants  on  llio  order  of  ten  minutes  arc  typical.  (In  servo  terms, 
the  gyro  acts  as  a filter  for  higii  frequency  inputs.)  Some  examples 
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.ire  : 


j 

artiticial  hori2:on  - the  gyro  *s  erecteu  to  local  vert.- 

ca  1 ; 

gyrocompass  - the  gyro  is  erected  to  local  vertical  and 
the  earth's  spin  vector  (true  north); 

directional  gyro  - erected  to  local  vertical  and  geomag- 
netic field  (magnetic  north).  A great  many  arrangements  can 
be  used,  a typical  one  is  a damped  * "ndulum  withi.n  the  gyro 
gimbals,  the  offsets  of  which  create  driving  signals  to  the 
gyro  torquers  . 

The  local  gravity  vector  does  not  provide  a reference  for 
a system  in  free  fall,  such  as  a missile  or  a space  vehicle. 

In  such  cases,  a horizon  sensor  can  be  used,  or  the  sun  and 
stars  can  be  used  to  calculate  local  vertical.  Some  systems 
erect  to  the  local  vertical  before  the  mission  begins,  but 
not  during  the  mission  (pure  inertial  guidance). 

3 . 3 Components  of  GyrosC)|^es 

Because  of  its  complexity,  it  is  convenient  to  thinlc  of 
a gyro  in  terms  of  its  functional  components.  These  are  de- 
scribed below.  I’igure  3-1  shows  their  arrangement. 

3.3.1  Wlieel  - The  purpose  of  the  wheel  is  to  provide  a large 
ratio  of  angular  momentum  to  the  disturbance  torques  in  the 
system.  Speeds  of  12,000  or  24,000  rpm  are  typical.  The 
wheel  may  be  split  into  symmetrical  halves,  and  the  web  of  the 
wheel  may  be  shaped  to  ma)<e  the  wheel  isoelastic.  Typical 
construction  consists  of  a heavy  rim  supported  by  a conical 
web . 

3.3.2  Spin  bearings  - The  spin  bearings  support  the  whejl 
both  radially  and  axially,  while  allowing  relatively  free  ro- 
tation. Ball  bearings  are  typical,  and  provide  a comparative- 
ly rigid  support.  They  can  be  designed  to  be  isoelastic  and 
to  provide  axial  support  by  using  a large  contact  angle  (about 
35°).  Note  that  torque  about  the  spin  axis  does  not  consti- 
tute a disturbance  torque  for  the  gyro  although  it  does  con- 
sume power  and  create  waste  heat.  Lubrication  must  be  jcept 
near  a minimum,  because  excess  lubricant  cannot  be  controlled 
as  to  position,  so  that  it  can  create  mass  unbalance.  T^'pical 
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ball  bearings  have  a definite  wearout  life.  (If  the  lubri- 
cant completely  prevents  contact  between  the  balls  and  the 
races,  the  life  becomes  indefinite.) 

Gas  bearings  have  also  been  used  for  spin  bearings.  A 
typical  design  uses  the  spin  itself  to  pull  gas  into  the 
bearing  so  that  no  external  supply  is  required.  Such  a design 
has  an  unlimited  operating  life,  but  has  a wearout  life  based 
on  the  number  of  starts,  typically  1000.  The  high  contact 
stress  when  not  operating  can  produce  adhesion. 

3.3.3  Spin  motor  - The  spin  motor  is  typically  a synchronous 
motor  of  the  hysteresis  type,  either  two  or  four  pole.  The 
supply  is  typically  two  phase  400  hertz.  If  the  scale  factor 
is  critical  a synchronous  design  must  be  used,  but  in  systems 
where  the  gyro  is  simply  driven  to  null  an  induction  motor 
may  be  used.  Power  for  the  spin  motor  must  be  provided  with- 
out introducing  disturbance  torques,  typical  practice  is  to 
use  flexible  leads  in  a configuration  which  can  be  compensated. 
Neither  the  hysteresis  nor  the  induction  design  require  electri- 
cal connection  to  the  wheel  assembly. 

Where  the  gyro  is  only  needed  for  a few  minutes,  a spring 
or  ^quib  may  be  used  to  bring  the  wlieel  up  to  speed  before  the 
start  of  the  mission.  Aircraft  often  use  a jet  of  air  driven 
from  the  engine  vacuum  as  a power  source,  since  the  gyro  can 
then  be  made  independent  of  electrical  failure. 

3.3.4  Gimbal  - The  gimbal  ring  should  be  rigid,  or  at  least 
isoelastic,  and  must  be  carefully  balanced.  The  gimbal  bearings 
have  little  motion,  but  must  be  as  nearly  torque  free  as  possi- 
ble. Some  designs  use  ball  bearings  with  dither  or  counter 
rotation  of  the  fixed  raceway  to  eliminate  breakaway  friction, 
such  designs  can  reduce  the  friction  of  ball  bearings  by  a 
factor  of  ten.  Gas  bearings  are  sometimes  used,  but  an 
external  gas  supply  is  necessary,  and  care  must  be  taken  to 
avoid  contamination. 

Some  designs  use  a fluid  to  float  the  weight  supported 
on  the  gimbal  bearings.  The  bearing  load  can  be  reduced  by 
a factor  of  1000  in  this  way,  thvis  reducing  those  torques  which 
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are  proportional  to  the  bearing  load.  Tne  bearings  in  such 
a design  are  typically  either  a jewel  or  a set  of  taut  wires. 

The  flotation  fluid  is  also  used  to  provide  viscous  damping 
in  the  integrating  rate  gyro.  As  the  viscosity  varies  rapid- 
ly with  temperature,  either  the  temperature  must  be  controlled, 
or  some  form  of  compensation  introduced.  Compensation  typi- 
cally uses  the  volumetric  change  of  the  fluid  with  temperature 
to  create  a mechanical  displacement  which  adjusts  the  damping 
geometry . 

3.3.5  Pickof  f - The  pickoff  reads  she  angle  thru  which  the 
gimbal  bearing  axis  has  been  turned.  It  is  important  that  the 
pickoff  not  introduce  a reaction  torque,  so  potentiometers  are 
suitable  only  in  low  accuracy  systems.  Typical  pickof fs  are 

a differential  transformer  or  an  optical  readout.  A variable 
reluctance  design  can  eliminate  the  moving  coil  and  its  connec- 
tions in  a differential  transformer. 

3.3.6  Torquer  - The  torquer  is  almost  invariably  electromag- 
netic. The  design  can  be  very  like  that  of  the  pickoff,  except 
that  currents  flow  in  both  sets  of  coils.  The  desired  torque 
is  determined  in  an  electrical  network  outside  the  gyro. 

3.4  Design  Trends  - Some  design  trends  have  been  identified 
which  can  be  expected  to  improve  reliability.  Solder  joints, 
which  tend  to  produce  contamination  both  from  the  flux  and 
from  spattering,  are  being  replaced  by  welded  joints,  botli 
for  electrical  connections  and  for  the  seal.  Grease  in  ball 
bearings  is  being  replaced  by  oil,  which  does  not  have  the 
tendency  to  separate  and  is  better  fixed  in  position.  There 
is  also  a tendency  to  replace  the  ball  bearings  by  gas  bearings, 
although  gas  bearings  lack  the  stiffness  and  isoelasticity  of 
ball  bearings.  For  gimbal  bearings,  an  enclosed  design  which 
eliminates  the  external  gas  supply  may  solve  the  contamination 
problem.  An  internal  pump  recirculates  the  fill  fluid  in 
such  a design. 

Some  characteristics  are  varied  to  meet  performance 
and  other  requirements.  Frequencv , voltage,  and  waveform^  of 
both  the  wheel  drive  and  pickoff;  and  composition  and  pressure 
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of  tiie>  fill  qas  aro  examples.  Some  standardization  miqht 
be  desirable,  certainly  it  would  permit  longer  and  better 
controlled  production  runs. 

The  gyros  for  which  data  has  been  collected  have  unit 
costs  ranging  from  400  to  25,000  dollars.  The  selection  or 
a gyro  for  a missile  system  is  determined  by  a cost  trade-oft 
rather  than  by  the  performance  state-of-the-art.  Nevertheless 
testing  and  screening  should  probably  be  a significant  part 
of  the  unit  cost. 

Improvements  in  performance,  size,  weight,  and  power 
have  also  been  made  over  the  years,  but  are  not  considered 
pertinent  to  this  study.  Typical  values  for  current  designs 
are:  cylindrical  outline,  one  inch  diameter  by  two  and  a 

half  inches  long,  less  than  one  half  pound,  less  than  15  watts 

Radically  different  designs  have  been  studied,  and  some 
are  currently  under  development.  See  Ref.  14  for  a review. 
Electrostatic  suspension,  the  laser  gyro,  and  the  oscillating 
gyro  are  examples.  The  operating  principles  are  described 
below : 

(a)  In  place  of  a wheel  on  bearings,  one  can  use  a free 
spinning  sphere,  which  is  held  in  place  by  radial  electromag- 
netic or  electrostatic  forces.  The  sphere  is  contained  in 
an  evacuated  chamber  so  that  no  spin  power  is  required  after 
the  iritial  spinup,  and  the  readout  is  optical. 

(b)  The  time  required  for  a light  beam  to  traverse  a 
rotating  systi'm  of  mirrors  varies  with  the  speed  of  rotation 
and  the  direction  of  travel.  By  using  a split  monochromatic 
(laser)  beam,  an  interference  pattern  can  be  generated  which 
defines  the  rotation  rate.  The  resulting  laser  gyro  has  no 
moving  parts. 

(c)  A mass  at  the  end  of  a cantilever  beam  of  circular 
cross  section  vibrating  in  the  primary  mode  preserves  its 
plane  of  oscillation  against  rotation  about  the  axis  of  l lu' 
beam.  The  resulting  gyro  has  no  bearing  requirement, 

the  only  movement  being  the  oscillation. 

Only  gyroscopes  of  the  usual  construction  are  discussed 
elsewhere  in  this  report. 
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J . 5 Accoptanci-'  Type  Tests 

Sample  information  on  tests  of  two  gyro  programs  is 
svinunarizeci  below.  Since  the  dif feriMices  in  storage  reliability 
of  the  programs  are  not  statistical ly  significant,  they  cannot 
be  correlated  with  the  test  procedures. 

3.5.1  Program  B Gyro  Acceptance  Tests 


Insulation  Test 
G^ro: 


Heater : 


Synchronization  Time: 


Gyro  Motor  Operational 
Test : 

Motor  Input  Current; 

PieXoff  Input  Current; 
DC  and  AC  Nul 1 : 


Gyro  Sens itivity  and 
rickoff  Phasing: 


Fu I I .Scale  (Stop 
Setting) , and  Mechani- 
cal Hysteresis 

Full  Scale: 


NGT  2.5  ua  at  250  + 25  vdc  be- 
tween blue  lead  and  gyro  case 
at  25'’C,  min  of  3 sec. 

NGT  5.0  ua  at  500  + 50  vdc  be- 
tween heater  leads  and  gyro  case 
at  25“C,  min  of  3 sec. 

NGT  3.0  seconds  at  lOO  + 10“F 
with  24.3  ^ 'q  Vtrms  at  1200  + (> 
hz  for  a period  of  4.0  + 1.0  sec. 
Reduced  motor  input  to  0.5  + 0.5 
Vtrms,  must  maintain  synchronous 
speed . 

NGT  0.480  amps  rraa  at  160  10“F, 

motor  input  to  11.5  + 0.5  Vtrias. 
tiCT  0.154)  anps  nns  at  160‘+'V16*F. 

DC  output  - MGT  1.0  mVdc  (0.10 
degrees/sec.)  with  power  applied 
to  pick  off,  heater,  and  motor. 

AC  output  - NGT  5 mVrms  with  motor 
powe  r off. 

Pickoff  DC  output  - 10  mVdc  + 4%' 
deg. /sec  at  160  + 10®F,  with 
table  speed  10  + 0.1  deg. /sec, 

CW  and  CCW. 


Rate  table  speed  at  CW  direction 
and  gyro  stopped,  constant  AC 
output:  - rate  table  speed  = 

150  + 30  deg/sec  CW  at  1 uO  t 10“F. 
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Kato  table'  spi't'd  at  e\’W  (i  i n'ct  i or. 
same  as  above  conditions  and  speed 
output . 


Hysteres is : 

Null  Shift : NGT  0 . 1 mVdc  (0.05  deg/sec)  per 

conditions  of  TRS-MSL-012. 

Tumble  Tost;  NGT  0.1)0  mVdc  (0.08  deg/soc)  at 

160  + .0“F. 

Oscillation ; NGT  1.5  mVde  (peak  to  peak) (0.15 

deg/see;)  at  160  + 10*F. 

Damped  Natural  Frequency s NLT  57  hz  at  160  + lO'F. 

DC  output  bandwidth  values  1.0  mVdc 
(0.10  deg/sec)  at  50  temp  cycles 
at  - 32  + 5‘’C  to  71  + 5“C. 

DC  output  bandwidth  values  0.8 
mVdc  (0.08‘’/sec)  at  3 temp  cycles 
at  -32  + 5“C  to  71  + 5°C. 

The  major  item  in  which  the  failed 
component  was  used,  was  subjected 
to  the  following  run  time  and  en- 
ronmental  stress  screening  prior 
to  shipment  to  the  field. 

32  hours  total  run  time  of  which 
16  hours  of  the  total  time  the 
item  is  subjected  to  a high  temper- 
ature cycle  of  61”C  for  a period 
of  1 hour  on  and  1 hour  off. 

50  g - 5 millisecond  half  sine 
shock  1 plane. 

3 planes  for  6 minutes  each  plane 

2 

at  approximately  .02  g /hz  from 
20  to  2000  hz. 

3.5.2  Program  F Gyro  Acceptance  Tes  s 

(Tests  performed  at  room  tempi-rature  only) 

Motor  Excitation  - 26v,  l<i , 400  Hz  (1.0  uf  capacitor) 

Pickoff  Excitation  - lOv,  1(0,  4800  !lz  (90K  load) 

Sync.  Time 
AC  Nul 1 
Zero  .Sot 


Demodulated  Null/ 
Temperature  Effects: 

Thermal  Sensitivity: 

Pre-Field  Screening. 

Run  Time: 

Shock  : 

Random  Vibration: 
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Mass  Unbalance  (+  iq) 

AuLonintic  binearity  Plot  (scale  factor,  linearity, 
and  hysteresis) 

Megqer 

Mechanical  Inspection 


[ 
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SECTION  4 
DATA  ANALYSIS 

4 . 1 Description 

Data  was  collectod  from  twelve  sources,  eight  of  which 
are  missile  programs.  The  data  summarized  in  Table  4-1 
represents  835  million  gyro  non-operating  hours  with  209 
failures  reported.  The  failure  rates  for  each  source  are 
calculated  in  fits  (failures  per  billion  hours)  and  are  the 
maximum  lilcelihood  values.  One  failure  is  as. turned  in  the 
failure  rate  calculation  if  there  were  no  failures  reported. 
Failures  attributable  to  design  defects  which  have  been 
corrected,  to  mishandling,  to  conditions  outside  design 
requirements,  and  to  erroneous  attribution  of  system  problems 
have  not  been  included. 

Where  Identified,  the  data  includes  gyros  with  ages  up 
to  6 . 3 years.  For  several  sources,  it  was  necessary  to  estimate 
the  part  non-operating  hours  as  indicated  in  Table  4-1.  These 
estimates  are  conservative  and  part  non-operating  hours  could 
have  been  greater  than  indicated.  Each  data  source  is  described 
in  more  detail  below. 

Some  differences  could  be  anticipated  between  the  data 
sources  due  to  differences  in  the  design  and  in  the  testing 
(screening)  in  the  various  programs.  For  the  programs  with 
large  exposure,  t)io  components  listed  represent  production  over 
extended  periods  of  time,  which  means  that  both  the  design  and 
the  production  process  have  varied.  Since  those  failures  which 
were  remedied  are  not  counted,  the  failure  rates  should 
represent  those  attained  at  the  end  of  the  project,  i.e.,  by 
the  "mature"  design. 

For  examples,  a step  was  added  to  gyro  manufacture  in 
.Source  M-2  to  saturaN'  the  expos<'d  plastic  with  the  damping 
fluid  by  I'xposing  it  under  high  pressure.  This  prevents  sub- 
sequent change-  in  the  volume  of  the  damping  fluid.  In  the 
gyros  for  Missile  M,  a set  of  sliding  contacts  was  replaced 
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TABLE  4-1.  C.YRC 

1 NON-OPERATING 

DATA 

MILLION  PART 

FAILURE  RATE 

SOURCE 

NO.  OF  DEVICES 

STORAGE  HRS. 

FAILURES 

IN  FITS 

A 

- 

34 . 367 

18 

524  . 

B 

15 

.076 

0 

(<13158.) 

L 

6 

.331 

0 

(<3021  . ) 

M-1 

115 

4.44* 

0 

(<225  . ) 

M-2 

102 

3.94* 

1 

254  . 

MISSILE 

E-1 

4370 

63.802 

23 

360  . 

F 

120 

2.628 

0 

(<380  . ) 

G 

39 

1.118 

0 

(<894  . ) 

H 

5355 

85.1 

13 

153. 

I 

8280 

82.36 

10 

121. 

M 

- 

30.6* 

16 

523. 

T 

12000 

525.6 

128 

244  . 

U 

15 

.657 

0 

(<1522  . ) 

TOTALS 

835,019 

209 

250 . 3 

^Estimated  part  hours 


by  a flex  lead,  and  later  the  material  of  the  flex  leads 
was  chanqed  to  avoid  a corrosion  problem. 

Each  data  source  is  described  in  more  detail  below. 

4.1.1  Source  A Data 

Source  A represents  a reliability  study  performed  under 
contract  to  RADC . This  source  identified  the  type  and  quality 
yrades  for  the  devices,  however,  it  provided  no  information 
reqardinq  storaqe  conditions  or  individual  programs. 

4.1.2  SourcM'  B na_ta 

The  storaqe  data  under  Source  B actually  represents 
standby  data  in  an  orbiting  satellite  environment.  No  failures 
were  indicated  in  76  thousand  gyro  standby  hours. 

4.1.3  Source  1,  Data 

Source  L represents  a special  test  program  for  gyros 
designed  for  a surface-to-surface  missile.  Six  gyros  were 
stored  in  a controlled  environment  for  6.3  years  with  no  failures 
reported . 

4.1.4  Source  M_  Da_ta 

The  first  entry  in  Table  4-1  under  source  M repro.ients 
spacecraft  platform  gyros  which  are  man-rated.  Tht'se  are  the 
most  expensive  gyros  in  Table  4’-l.  The  platforms  stored  in 
a controlled  environment  were  retested  once  per  year.  None 
of  the  gyros  have  been  outside  of  the  operational  specifications. 
Average  aue  is  5.3  years. 

The  .second  entry  under  source  N also  represents  spacecraft 
cjyro;: . Tlie.se  gyros,  stored  under  the  same  conditions,  are  man- 
rated, however  they  are  used  in  a redundant  configuration.  One 
failure  was  reported  as  a result  of  a spin  bearing  seizure. 

Other  failures  attributed  to  damping  fluid  volume  loss  were  not 
included  .si  net'  they  wore  considered  design  defects. 

4.1,  5 ^i  •’ -yi Jyc_ j-:- 1 Da  t a 

Missile  K-1  data  consists  of  874  missiles  stored  for  20 
.months.  The  ini  .sr;  i 1 e:.  wt'rc  stored  in  containers  exposed  to 
external  envi ronmt'ntal  conditions  in  the  northeast  D.  S.  They 
weri'  also  transported  once  from  coast  to  coast.  Each  missiU' 
contains  f i vt'  rati'  gyros.  A total  of  twenty  three  gyro  failures 
were  reporti-d. 


4-3 


4.1.6  Missile  1’  Data 


Missile  F data  consists  of  120  missiles,  60  of  which  were 
stored  for  one  year  and  60  for  two  years.  The  missiles  in 
storage  containers  experienced  the  following  environments: 

30  missiles  stored  outside  in  the  Arctic  on  wooden  racks  with 
canvas  covers;  30  missiles  stored  outside  in  the  southeast 
desert  under  open  sided  metal  roof  sheds;  30  missiles  stored 
outside  in  the  canal  zone  under  open  sided  metal  roof  sheds; 
and  30  missiles  stored  in  the  southeast  U.  S.  in  bunkers.  No 
gyro  failures  have  been  reported. 

4.1.7  Missile  G p^ta 

Missile  C data  consists  of  39  missiles  stored  for  periods 
from  28  months  to  56  months  for  an  average  storage  period  of 
39  months.  The  missiles  in  storage  containers  experienced  the 
following  environments:  12  missiles  stored  outside  in  the 
southeast  desert;  12  missiles  stored  outside  in  the  northeast 
U.  S.;  12  missiles  stored  on  the  Gulf  Coast;  and  23  missiles 
stored  in  bunkers  in  the  southeast  U.  S.  No  gyro  failures 
have  been  reported. 

4.1.8  Missile  H Data 

Missile  H data  represents  field  data  from  a recent  army 
missile  program  fielded  in  the  1970 's.  The  major  item  in  which 
the  devices  were  assembled  was  subjected  to  operating  times  at 
high  and  low  temperatures,  shock  and  vibration.  The  missiles 
were  transported  overseas  and  stored  for  various  lengths  of 
time.  No  tests  were  run  until  the  missiles  were  removed  from 
storage  and  returned  to  the  states.  Storage  durations  v'aried 
from  6 months  to  6 years  with  an  average  time  of  1.8  years. 
Storage  environments  included  cannistcr  time  in  a controlled 
environment,  cannister  time  subject  to  outside  elements  and 
missile  time  on  pallets  and  on  launchers.  A number  of  samples 
were  also  run  tiirough  road  tests  under  field  conditions.  Each 
missile  containing  five  rate  gyros.  Thirteen  gyro  failures 
have  been  reported. 


4-4 


4.1.9  ‘ ! L le  I Data 

Missile  1 data  consists  of  2,070  missiles  stored  for 
periods  fro.m  1 month  to  40  months  for  an  average  storage 
period  of  14  mo.nths . Approximately  80  pc?rcent  of  the  missiles 
wore  stored  in  H . S.  depots  while  the  remainder  were  stored  at 
various  bases  around  the  country.  Ten  gyro  failures  have  been 
reported . 

4.1.10  Missile  M Data 

Missile  M data  represents  a surface-to-surface  missile. 
Data  was  available  on  approximately  13  years  of  depot  repair 
history.  The  data  includes  some  operating  time,  typically 
290  hours.  Failure  anlaysis  was  performed  on  these  gyros 
indicating  the  main  failure  mode  to  be  "open  torquer  windings." 

4.1.11  Missile  T Data 

Missile  T data  represents  a surface-to-air  missile.  Data 
on  a 3000  missile  inventory  for  an  average  of  5 years  is  in- 
cluded. At  tost,  missile  ages  ranged  from  6 months  to  8 years. 
The  missiles,  built  in  the  1954  time  frame,  contained  a gyro 
package  with  three  rate  gyros  and  one  free  gyro.  Tlie  data 
indicated  128  gyro  package  failures.  Periodic  testing  per- 
formed on  the  gyro  packages  was  limited.  It  consisted  of 
swinging  the  missile  and  observing  gyro  outputs  for  proper 
polarity.  Only  catastrophic  failures  could  be  seen,  and  these 
arc  identified  only  to  the  package  level. 

4.1.12  .Missile  U Data 

Missile  U data  represents  an  air-to-surf ace  missile. 

Data  on  15  missiles  stored  for  five  years  is  included.  Five 
mi.ssiles  were  stored  for  a year  in  a tropic  zone  and  five  in 
an  arctic  zone.  No  failures  in  the  gyros  themselves  were  re- 
ported, however,  three  failures  in  solder  joints  to  gyro 
initiators  were  attributed  to  corrosion  from  heat,  humidity 
and  sa.lt  (tropic  /.one).  Solder  is  chemically  attacked  under 
tlu.ne  conditions,  and  these  failures  are  classified  as  a 
design  (.ii-fect. 


4-5 


4 . 2 l\it  a Kvaluation 

Pooling  all  of  the  sources  results  in  209  failures  in 
835.019  million  storage  hours  giving  a failure  rate  of  250 
fits.  A decision  was  made  to  remove  the  data  set  for  .Missile 
T because  failures  were  identified  only  at  the  platform  level 
and  may  have  been  a result  of  other  components.  The  remain  inn 
sources  show  81  failures  in  309.418  million  storage  hours 
giving  a failure  rate  of  262  fits  (virtually  the  same  as  with 
Missile  T included). 

The  failure  rates  for  those  sources  showing  failures  ranged 
from  121  to  524  fits.  A test  of  significance  (described  in 
Appendix  A)  was  performed  to  test  whether  a single  failure 
could  describe  all  the  data  sets.  The  test  indicated  that 
there  was  a significant  difference  with  three  data  sets  having 
siqnfiicantly  higher  failure  rates.  These  three  data  sots 
were  placed  into  a separate  group.  Then  the  two  groups  were 
tested  and  no  significant  differences  were  Indicated.  The 
pooled  data  for  the  two  gcoups  are  shown  in  Table  4-2. 

The  group  1 data  in  Table  4-2  includes  source  A data  for 
which  little  detail  is  available,  however,  at  least  a major 
portion  is  from  the  1960 's  time  frame.  .Missile  E-1  is  early 
1960 's  program  with  the  tests  performed  in  1968.  Missile  M 
is  also  late  50 's  and  early  1960  technology.  Therefore  the 
data  in  group  1 primarily  represents  1960  technology. 

The  group  2 data  represents  a wide  range  of  applications. 
Sources  B,  M-1  and  M-2  represent  spacecraft  programs  while 
mis.sile  programs  F and  G represent  mid  to  late  1960 's  technology 
and  missiles  H and  I early  1970  technology.  The  lower  failure 
rate  for  this  group  would  tend  to  indicate  an  improvement  in 
gyro  design  for  storage  reliability.  Therefore,  a non-operating 
failure  rate  for  current  technology  gyros  is  estimated  to  be 
133  fits  and  a 90^,  confidence  that  the  time  failure  rate  lies 
below  175  fits. 
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TABLE  4-2 

. POOLED  DATA 

GROUPS 

1 

GROUP  1 

SOURCE  NO. 

OF  DEVICES 

MILLION  PART 
STORAGE  HRS. 

FAILURES 

FAILURE  PATE 

IN  FITS 

A 

- 

34.367 

18 

524  . 

Missile 

E-1 

4370 

63.802 

23 

360  . 

Missile 

M 

- 

30.6 

16 

523  . 

TOTALS 

128.769 

57 

443. 

1 

GROUP  2 


SOURCE  NO. 

OF  DEVICES 

MILLION  PART 
STORAGE  HRS. 

FAILURES 

FAILURE  RATE 
IN  FITS 

B 

15 

.076 

0 

(<13158.) 

L 

6 

.331 

0 

(<  3021  . ) 

M-1 

- 

4.44 

0 

(<225. ) 

M-2 

- 

3.94 

1 

254  . 

MISSILE 

F 

120 

2.628 

0 

(<  380  . ) 

G 

39 

1.118 

0 

(<  894  . ) 

H 

5355 

85.1 

13 

153, 

I 

8280 

82.36 

10 

121. 

U 

15 

.657 

0 

(<  1522  , ) 

TOTALS 

180.65 

24 

133. 

L J 


Nearly  all  of  the  data  analyzc'd  is  for  rate  gyros.  Free 
gyros  with  two,  rather  than  one,  sets  of  gimbal  bearings  should 
not  exceed  twice  the  failure  rate  as  that  calculated  for  rate 


gyros . 

Field  data  has  indicated  that  component  replacement  rates 
exceed  component  failure  rates.  This  results  from  replace- 
ments for  components  accidentally  damaged  (overheating  is  a 
common  cause)  or  replacements  for  components  removed  without 
test  in  the  course  of  trying  to  repair  a system.  The  data  from 
Missile  N indicated  the  replacement  rate  approached  three  times 
the  failure  rate. 

4 • 3 Operational/Non-Operational  Reliability  Comparison 

Operational  failure  rate  data  for  rate  gyroscopes  was 
o.xti'ucted  from  report  RADC-TR-74-26fi , Revision  of  RADC  Non- 
electronic Reliability  Notebook,  D,  F.  Cottrell,  et  al , Martin 
Marietta  Aerospace,  dated  October  l'')74  . This  data  is  shown 
in  Table  4-3  and  compared  with  the  non-operating  failure  rate 
prediction.  Comparing  the  common  environment  (ground]  Indicates 
a non-operating  to  operating  ratio  of  1 : 196. 


TABLE  4-3.  OPERATIONAL/NON-OPERATIONAL  RELIABILITY  COMPARISON 


ENVIRONMENT 

PART  HRS. 
(106) 

NO.  OF 
FAILURES 

FAILURE 

RATE  IN  FITS 

^op/X 
^ no 

Non-operating 

Ground,  Fixed 

180.65 

24 

133 

- 

Operating 

Ground 

1.269 

33 

26005 

196  . 

Ground,  Mobile 

.012 

3 

333333 

2506  . 

Airborne 

14.56 

5413 

371798 

2795. 

Missile 

.048 

26 

541667 

4073. 

Helicopter 

.255 

65 

254902 

1917. 
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SKCTTON  5 

v'ONi’l.nSTONS  AND  KlX'OMMKNnATTONP 

n.il.i  i-o  1 I I'l-t  I'll  h.>:i  prim.irily  biM'ii  foy  r.iti'  qyro;:  . 'rhi' 

[ lii'inoiv.  1 iMt  I'd  i lU  !•  i iis.il'  storAqi-  f .i  i 1 viro  I'l^ti’  foi-  r.iti'  qyros  i.. 

I iii'.ir  I !l  (’it:;.  I'.il  ci  ind  i c.n  t e>s  t h,n  t the  rion-opi'i-.i  t i rii;  r<  • 1 ,i  .ih  i 1 - 

ity  of  iiyrofii-opi';;  h.i.*.  improved  in  the  l.i.'d  ten  ye.ir;..  .'hih 

I ,in  t i .1  1 1 y hipher  reli.ibility  for  q\'i-os  is  within  t lie  ;it.ile  oi 

the  ,irt  but  only  ,it  .i  s i qii  i f i e.in  t Iv  hiqher  expense.  Novel 
teehniques  in  development  look  promt  .sinq  from  .i  reli.ibility 
::  t .indpo  i n t . 

Are. IS  Ident  i fil'd  whieh  .ire  import.mt  f.ietors  In  qyro 
.stor.ine  reliflbillty  .nre  discussed  below. 

h . 1 Ppin  be^rinq  Ijjbr  ^-.'i  t jjin  - One  proqr.rm  h.is  .idopted  .i 
proeediire  of  opei-.it  i ncf  the  qyro  ev'ory  6 month:;  while  in  .‘di'r.iqe, 
.ind  h.is  i neorpor.i  I ed  .i  spin  detector  so  tlml  rot.it  ion  of  the 
wheel  I'.in  be  verified  e.iaiU'.  Some  lubrie.int:;  .iri'  more  li.dile 
to  si'piir.ite  t h.in  others,  .md  .selection  of  lubrie.int  is  import. uit. 
bryinq  or  oxid.it  ion  .iri.'  other  concerns.  The  lubric.it  ion  problem 
enn  be  .ivoided  entirely  bi'  usinq  hydrodynnmic  spin  be.irincis, 
which  use  the  fill  g.is  .is  .1  lubriennt. 

I’reej)  due  to  I eniper.itiire  cli.iiiqe  - Thii;  effect  .ippe.ir;;  be- 
Ciiu:;e  it  is  not  po.ssibli'  to  build  the  qyro  from  .1  sinqle 
m.iteri.il  - i n:;u  1 .1 1 or , conductors,  and  magnetic  raati.'r  i.il  .s  .ue 
usi'd.  .‘’'tor.iqe  .It  I'onst.int  temper.lture  is  .i  possible  solution. 

( 

I h . t t’l'i'ep  .lud  d i m^i:;  i on.ij  change  due  to  ph.'i:;e  ch.inne  - Thi;; 

I efrecl  c.in  be  thoucjhl  Of  as  .i  liiw  t enipi' r.it  ure  .uine.ilinq  pro- 

1 ce::s  . Pos.'iibly  m.iteri.il  select  ion  cou  Ki  be  u:;('d  to  mininii.’e 

I the  effect  . 

Moth  of  the  cri'ep  effects  can  be  iiccoiraiiod.it  I’li  by  re- 
b.il.incinq  the  qyro  a.s  neederi. 

'>.'1  M.iijuel  ic  fields  - Since  the  qyro  contains  maqnet  ic 
m.iteri.il,  (he  m.iqnetic  env  i ronmi'n  t nei'd.s  to  be  conli-olle.i 
.ilso.  h.irqe  fields  will  ch.inqe  the  'lerm.inent  m.iqtii  • t i sm , 
result  inq  in  uncompens.i  t ed  torques.  Mu-met. il  shields  in.iy  oe 
I used  ill  hiqh  precision  de.siqns. 


’j.'>  Ai.ilu‘s  ion  - A proijram  usiny  gas  bearings  reports  adhesion 
duo  to  high  contact  pressure  when  the  gyro  is  stored  undisturbed. 
The  bearing  materiel  was  a ferrous  base,  not  ceramic.  A 
possibility  Is  to  store  gas  wheel  bearings  with  the  wheel 
spinning  (power  on) . Another  is  to  turn  the  gyro  over 
periodically. 

Gimbal  gas  bearings  could  be  mechanically  supported  in 
storage,  which  would  also  be  desirable  for  shipping  (shocit 
and  vibr.ation). 

hnrn-in  - An  MIT  paper  (Ref.  7,  p.  4 75)  comments  that 
"A  test  program  . . . (should  be)  made  equal  to  10  or  15  per- 
cent of  Re<(uired  Reliability  Performance  hife."  No  supporting 
dat.a  is  given,  iiut  an  artificial  example  is  shown. 
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